Abstract Biological effectiveness varies with the linear energy transfer (LET) of ionizing radiation. Plentiful evidence has been presented demonstrating that at physically equivalent doses, high-LET energetic heavy ions are more cytotoxic and genotoxic than low-LET photons like X-rays and γ-rays. Notwithstanding, its potential impact at isosurvival doses is yet to be characterized. Here we investigated the cell-killing effectiveness of γ-rays (0.2 keV/µm) and five different beams of heavy ions with LET ranging from 16.2 to 1610 keV/µm in confluent cultures of normal human fibroblasts. The relative biological effectiveness based on the dose giving 10% clonogenic survival peaked at 108 keV/µm. In cultures exposed to the 10% survival doses, the yield of apoptotic cells escalated with time postirradiation but declined with LET. Our results imply that the cell death mode differs with LET at isosurvival levels.
Introduction
There is considerable evidence that biological effectiveness differs with the linear energy transfer (LET) of ionizing radiation. During long-term interplanetary manned missions, astronauts are exposed to space radiation, which includes energetic heavy ions and other high-LET radiations. Physical dosimetric analysis has estimated that the dose rate in a space shuttle or on the International Space Station is about 150-fold higher than that on the Earth's surface (Doke et al., 1995) . A strategy for protection of normal tissue against deleterious effects of heavy ions is thence needed. Extensive studies have established that at physically equivalent doses (i.e., the same absorbed doses), high-LET heavy ions are more cytotoxic and genotoxic than low-LET photons like X-rays and γ-rays (Blakely & Kronenberg, 1998; Cucinotta & Durante, 2006; Hamada, 2009 ). However, little information is available heretofore regarding its potential impact at isosurvival doses. Considering that higher-LET heavy ions produce more dense ionization along their trajectories and thereby cause more complex and irreparable clustered DNA damage (Hada & Georgakilas, 2008) , the cell death mode is likely to vary with LET at isosurvival levels. The present investigation was undertaken to clarify the LET dependence of apoptosis induction in primary normal human fibroblasts exposed to isosurvival doses of γ-rays (0.2 keV/µm) and five different beams of heavy ions with LET ranging from 16.2-1610 keV/µm. We demonstrate that the apoptotic response decreases with increasing LET at isosurvival levels.
Materials and Methods

Cell culture and irradiation
AG01522D primary normal human diploid fibroblasts were purchased and routinely subcultured as previously described (Hamada et al., 2006 (Hamada et al., , 2008a . Cells at passages 7-9 were seeded at 1 × 10 4 cells/cm 2 , refed on days 4, 7 and 9, and used for irradiation experiments on day 11. All cell cultures were maintained at 37˚C in a humidified atmosphere of 5% CO 2 in air except where otherwise specified.
Irradiation was conducted at room temperature as previously mentioned (Hamada et al., 2006 (Hamada et al., , 2008b Iwakawa et al., 2008) . In brief, cell monolayers cultivated on 25-cm 2 tissue culture flasks (353136, BD Falcon, Bedford, MA, USA) were exposed to 0-8 Gy of 60 Co γ-rays at a dose rate of 2 Gy/min as a reference radiation (physical properties listed in Table 1 ). Prior to heavy-ion irradiation, conditioned medium from cell monolayers grown on 60-mm tissue culture dishes (3010-060, Iwaki, Chiba, Japan) was collected, and the dishes were covered with 8-µm-thick Kapton polyimide film (DuPont-Toray, Tokyo, Japan) to avoid drying. Soon after exposure to 0-8 Gy of five different types of heavy ions (properties listed in Table 1 ), the conditioned medium was transferred back to the dishes. The LET at cell surface was calculated according to the kinetic energy loss, assuming water equivalence. Absorbed dose (Gy) was calculated as fluence (number of particles/ cm 2 ) × LET (keV/µm) × 1.6 × 10 -9 . Exposure to D 10 was estimated to give traversal of each cell nucleus (165 µm 2 ) by a Poisson-distributed mean number of four or more particles, so that all the nuclei should receive particles. For all the experiments, the cultures were incubated at 95% air/5% CO 2 immediately after irradiation. Control cells were sham-irradiated and manipulated in parallel with the test cells.
Cell survival analysis
Cell survival was determined using the clonogenic survival assay as described elsewhere (Hamada et al., 2006 (Hamada et al., , 2008c (Hamada et al., , 2008d . Briefly, confluent cultures were reinoculated within 1 h postirradiation into 100-mm tissue culture dishes (3020-100, Iwaki) in quadruplicate, and were incubated for 12-13 days, at which time they were fixed in methanol and stained with crystal violet. Only colonies containing more than 50 cells were scored as survivors. Survival curves were fitted against the means for three or four independent experiments to the exponential equation y = exp (-kx) where y, x, and k are surviving fraction, the dose and slope, respectively. The 10% survival dose (D 10 ) presented in Table 1 was calculated as [ln (1/0.1)]/k.
TUNEL assay
A p o p t o s i s w a s d e t e c t e d b y t h e t e r m i n a l deoxynucleotidyl transferase (TdT)-mediated dUTPbiotin nick-end labeling (TUNEL) method (Gavrieli et al., 1992) , using the ApopTag Plus Peroxidase In Situ Apoptosis Detection kit (Millipore, Billerica, MA) as mentioned (Hamada et al., 2008c . In brief, cell monolayers grown on coverslips (Thickness No.1, 24 mm × 24 mm, Matsunami Glass, Osaka, Japan) were fixed in 1% paraformaldehyde and methanol, and permeabilized in 0.5% Triton X-100. Thereafter, the coverslips were reacted with 3% hydrogen peroxide, TdT enzyme, and peroxidase-conjugated anti-digoxigenin antibody. Positive TUNEL staining was visualized with diaminobenzidine, followed by counterstain with 0.5% methyl green. The cells were observed with an Olympus BX60 microscope after mounting, where 1000 or more cells were analyzed for each sample. Hoechst 33342 staining yielded apoptotic indices similar to those of TUNEL staining (Kakizaki et al., 2006a) .
Statistical analysis
Data were calculated as the means and standard deviations of three or four repeated experiments. Statistical comparisons between groups were made by Student's t-test, and a p value of 0.05 or less was considered to be significant. 
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Results and Discussion
Here we have investigated the LET dependence of apoptosis induction at isosurvival doses of γ-rays and heavy ions. First, to determine isosurvival doses of γ-rays and five different beams of heavy ions, irradiated cultures were reseeded for colony formation. The relative biological effectiveness (RBE), which was calculated relative to D 10 of γ-rays, reached a maximum at 108 keV/µm with a value of 3.9 in the cells exposed to 18.3 MeV/u 12 C ions (Table 1) , demonstrating the LETdependent alterations in the biological effectiveness for the clonogenic survival at physically equivalent doses. Second, to evaluate apoptosis induced at isosurvival levels, D 10 -irradiated cultures underwent the TUNEL assay. Figure 1 illustrates that the yield of apoptotic cells escalated with time at least up to 72 h postirradiation. The apoptotic frequency in sham-irradiated controls remained unchanged during the time course (p > 0.2). D 10 doses used were in a range where a linear relationship between dose and the apoptotic frequency was observed (data not shown). Next, to scrutinize the LET dependence of apoptosis induction at isosurvival levels, the relative apoptotic index at 72 h after exposure to D 10 , which was calculated relative to that in sham-irradiated controls, was plotted against LET. As seen in Figure 2 , there was a tendency toward decreased apoptotic incidence with increasing LET, where the difference vs the index at 0.2 keV/µm (γ-rays) reached statistical significance at 437 keV/µm (13.0 MeV/u 20 Ne ions) and 1610 keV/µm (11.5 MeV/u 40 Ar ions) but not at 16.2-321 keV/µm. It is documented that normal human fibroblasts are susceptible to UV-induced apoptosis, but are resistant to ionizing radiation-induced apoptosis after exposure to photons and heavy ions (Jeggo & Lobrich, 2006; D'Errico et al., 2007; Tsuboi et al., 2007) . We also observed the low apoptotic indices in irradiated AG01522 fibroblasts (Figure 1 ): for comparison, our previous work has shown that the apoptotic index of 30% at 72 h after irradiation of lymphocytes with D 10 of 18.3 MeV/u 12 C ions (Kakizaki et al., 2006b ). While we cannot rule out the possibility that the TUNEL assay also labels some forms of nonapoptotic DNA fragmentation (de Torres et al., 1997) , experimental evidence for high-and low-LET radiationinduced apoptosis in AG01522 cells (Belyakov et al., 1999 ) is supportive of our findings.
Taking into account that loss of clonogenic potential should reflect the summed response of a plated parental cell and its progeny (Hamada et al., 2008c) , radiationinduced reductions in the clonogenic survival could result from death of irradiated cells (e.g., via apoptosis as presented in Figure 1 ) and their progeny (e.g., delayed reproductive death). A potential trend toward LET-dependent decreases in the apoptotic response of irradiated cells at isosurvival levels (Figure 2 ) is therefore indicative of LET-dependent increases in the death of irradiated cells and their progeny via the death mode other than apoptosis. Our previous work has demonstrated that heavy ions are more effective than γ-rays at isosurvival levels in inducing premature differentiation in the progeny of irradiated fibroblasts (Hamada et al., 2008a) , which potentially accounts for LET-dependent delayed loss of clonogenicity (Hamada et al., 2006) . There is also evidence for induction of premature senescence in the progeny of heavy ionirradiated fibroblasts (Fournier et al., 2007) . Regarding the response of irradiated AG01522 and other human fibroblast strains, heavy ions are shown to cause more prolonged transient cell-cycle arrest and more pronounced permanent arrest (e.g., premature senescence) compared with γ-rays (Nasonova et al., 2004; Tsuboi et al., 2007; Fournier et al., 2007; Tenhumberg et al., 2007) . Evidence is mounting that with increasing LET, heavy ions raise the inactivation cross section (the biological effectiveness per ion particle) (Hamada et al., 2006) and produce more irreparable clustered DNA damage (Hada & Georgakilas, 2008) . Altogether, the mechanisms whereby heavy Figure 1 . b The RBE was calculated as 10 of γ-rays divided by 10 of each type of heavy ions. ions reduce the clonogenicity leading to the identical survival seem very likely to differ with LET, such that heavy ion-induced severe DNA lesions may change the cell death mode from apoptosis to another mode (e.g., premature senescence and differentiation). To test this, further experiments to evaluate premature senescence and differentiation in irradiated cells and their progeny are under way. Whereas we evaluated the relatively early apoptotic response (i.e., up to 3 days postirradiation) in the current study, more prolonged cell-cycle arrest in cells exposed to higher-LET heavy ions is possible to result in the initiation of apoptosis at later times. Hence, further studies to evaluate apoptosis for a longer period of time (i.e., 12-13 days required for colony formation) are also important.
In conclusion, this study is the first to demonstrate that the early apoptotic response of normal human cells declines with LET of heavy ions at isosurvival levels. Biological effectiveness of heavy ions is known to vary with ion species even at comparable LET (Tsuruoka et al., 2005; Suzuki et al., 2006) . Therefore, an elucidation of LET and ion species dependence of heavy ion-induced biological effects and its underpinnings warrants further investigation.
